Abstract: This target article examines the clinical and experimental evidence for a role ofperipheral and central hyperexcitability in persistent pain in four_key areas: cutaneous hyperalgesia, referred pain, neuropathic pain, and postoperative pain. Eich suggests lhat persistent pain depends not only on central sensitization, but also on inputs from damaged peripherallissue. Ifis instructive to think of central sensitization as comprised of both an initial central sensitization and an ongoing centlal sensitization driven by inputs from peripheral sources. Each of these factors, initial sensitization, ongoing central sensitization, and inputs from peripheral sources, contributes to the net activity in dorsal horn neurons and thus influences the expression of persistent pain or hypeialgesia. Since each factor,-peripheral inputs and central sensitization (initial or ongoing), can contribute to both the initiation and rnaintenance ofpersistent pain, therapies should target both peripheral and central sources of patholog;2.
lntroduction
Pain is a normal reaction of the somatosensory svstem to noxious stimulation which alerts the individual io actual or potential tissue damage. It serves a protective function, informing us of injury or disease, and usually remits when healing is complete or the condition is cured. However, in some cases, peripheral tissue damage or nerve injury leads to a pathological state characterized by one or more of the following: pain in the absence of a noxious stimulus (spontaneous pain), increased duration of response to brief stimulation (ongoing pain or hyperpathia), reduced pain threshold (allodynia), increased responsiveness to suprathreshold stimulation (hyperalgesia), and spread of pain and hyperalgesia to uninjured tissue (referred pain and secondary hyperalgesia). For more than a century there has been a heated debate over the role ofperipheral and central neural mechanisms in the initiation and maintenance of these pathological conditions. Although the debate has a long history (see Bonica 1992 for a review), most of the empirical evidence in support of one side or the other is relatively new (also see Ruda & Dubner 1992; Willis 1994; Woolf 1992) , Perhaps even newer is a growing realization that peripheral and central neural mechanisms are not mutually exclusive, and interact extensively to reinforce the pathological changes that contribute to chronic pain. In this paper we examine both clinical and experimental evidence for peripheral and central neural contributions to pathological pain. In this context, we will review the current state of knowledge concerning the proposed neural mechanisms contributing to the initiation and rnaintenance of four tlpes ofpainful conditions, including: (1) hyperalgesia after cutaneous injury; (2) referred pain and hyperalgesia after deep tissue injury; (3) neuropathic pain; and (4) postoperative pain.
Cutaneous hyperalgesia
After a cutaneous injury both the injured skin and the uninjured skin adjacent to the injury become more sensitive to specific types of sensory stimulation. In particular, the injured skin becomes more sensitive to non-noxious heating or stroking (thermal and mechanical allodynia), as well as to noxious heating or punctate stimulation (thermal and mechanical hyperalgesia). In contrast to the injured skin, the adjacent uninjured skin appears to become more sensitive to mechanical, but not thermal stimuli, with hyperalgesia to punctate stimulation spreading further and lasting much longer (13-24 hrs) than allodynia to stroking (1-2 hrs) ( Meyer et al. 1994) . For descriptive purposes, many investigators have adopted the terminolog;z {irst proposed by Hardy et al. (1950) (Beitel & Dubner 1976) . Re- peated heat stimulation produces nociceptor sensitization which develops within I minute and last for hours (Perl 1976 (Torebidrk et al. 1984) . Sensitization after heat injury has also-been found in the heat responses of A-delta ffber, high+hreshold mechanoreceptor units in the rabbit and cat (Fitzgerald & Lynn 1977) and monkeys (Meyer & Campbell 1981) , as well as in the paradoxical responses of cold receptors in monkeys (Dubner et al. 1975 ).
Whether nociceptor sensitization can account for primary mechanical hyperalgesia is less clear. Thus, some investigators have found that both po\.rnodal nociceptors (Bessou & Perl 1969) (LaMotte et al. 1982; Meyer & Campbell 1981) . More recent studies have examined the correlation between human sensory judgements and evoked neural responses in the same subjects using percutaneous recording techniques (Ochoa & Torebjr; rk 1989; Torebjdrk et al. 1984) . The results ofthese studies have been controversial.
While Meyer and Campbell (1981) reported that primary hyperalgesia is associated with a sensitization of A-ffbers and a desensitization of C-ftbers, LaMotte et al. (1982) and Torebltirk et al. (1984) suggested that primary hyperalgesia is related to a sensitization of C-fibers and not A-{ibers. It has been proposed that this discrepancy depends on either the tlpe of shn that is injured or the intensity of the stimulus producing the injury.
2.2. Peripheral neurogenic mechanisms. The spread of hyperalgesia to uninjured tissue is probably not due to nociceptor sensitization, but may involve either a neurogenic axon reflex or a sensitization ofcentral neurons. Lewis (f936; 1937) was the first to perform an extensive examination ofthe spread ofcutaneous hyperalgesia into uninjured tissue. According to Lewis, the spread of hyperalgesia to uninjured tissue was due to a peripheral neural mechanism which involved antidromic activity in peripheral nerves leading to the release of a substance which contributed to the development of both hyperalgesia and vasodilatation or flare responses in the skin. In support of his hypothesis, Lewis presented evidence that cutaneous hyperalgesia in response to skin crush does not develop in anesthetized skin and does not spread across an anesthetized strip of skin, until after the anesthesia wears off. Lewis also showed that cutaneous hlperalgesia which occurred in response to electrical stimulation of nerves through the skin (faradic stimulation), was prevented by a locil anesthetic nerve block distal to the electrical stimulus. Conversely, when the nerve block was proximal to the faradic stimulation, hyperalgesia developed normally, but only after the anesthesia wore off.
Early studies provided supported for Lewis's mechanism of spreading hyperalgesia. Perl et al. (I97 4) showed that an extensive skin injury produced a sensitization of C-ffber polymodal units whose receptive {ields were removed from the injured region. Fitzgerald (1979) recorded activity in C-fiber nociceptors in the skin near an injury and found that nociceptors in the uninjured tissue were more sensitive to heat following an injurythan when there was no injury. The spread of the effect of the injury was induced by nerve impulses, since a local injection of lignocaine anesthetic blocked the spread of sensitization. Fitzgerald also found that there was a spread of nociceptor sensitization following antidromic stimulation of the rabbit sural nerve at C-{iber strength. The effect was independent of the CNS (central neryous system) since it occurred even when the rrerve was cut central to the stimulation point. Chahl and Ladd (1976) demonstrated that antidromic stimulation of the rat saphenous nerve produced inflammation and an increased excitability in sensory nerve fibers when the stimulation was of C-fibei; but not A-{iber strength.
More recent studies provide i.ridence against Lewis's theory of spreading peripheral sensitization. Thus, antidromic stimulation of nociceptive fibers in either the monkey (Meyer et al. 1988) or the rat (Reeh et al. 1986) (LaMotte et al. 1992) . Typically, nociceptor sensitization associated with injury is restricted to about 5-10 mm of the site of inlury (J. N. Campbell et al. 1984; Fitzgerald 1979) , while cutaneous hyperalgesia spreads as far as 10-20 cm beyond the site of injury (Hardy et al. 1950; LaMotte et al. 1991; 1992; Lewis 1936; 1937) . Furthermore, the zone of secondary hyperalgesia is typically found to be larger than the flare produced by tissue injury (Koltzenburg et al. 1992; LaMotte et al. 1991; Raia et al. 1984) . In fact, as noted by LaMotte et al. (1991) (Guilbaud et al. 1986) , and somatosensory cortex (Lamour et al, 1983) . Repeated C-fiber afferent stimulation also produces a sequential increase in dorsal hom activity resulting in a prolonged discharge of the cell (wind-up), which lasts from seconds to minutes nost-stimulation (Mendell 1966; Schouenbourg & Dickens'on 1985) .
In Since peripheral injury interferes with the abllity to assess the contribution of central neural mechanisms of hyperalgesia using prior anesthetic blocks, perhaps more useful information can be gained using postinjury blocks. Lewis (1936) found that hyperalgesia was completely unaffected by local anesthesia ofthe skin previously subjected to faradic stimulation. Hardy et al. (1950) (Tal & Bennett 1994) . In addition to these behavioral signs, recent evidence suggests that these nerve constriction injuries produces profound changes in spinal cord physiologr, including transyraptic degeneration (Sugimoto et al. 1990 ), increases in c-los expression (Kajander et al. 1990 ) and the growth associated protein GAP 43 (Cameron et al. 1991) , as well as decreases in tachykinin immunoreactive staining (Bennett et al. l9B9; Cameron et al. 1991) in the dorsal horn. They also produce increased spontaneous activity and increased excitability (lowered thresholds to mechanical stimulation, and afterdischarges to suprathreshold stirnuli) of spinothalamic tract cells (Palecek et al. 1992) , as well as spontaneous discharges (Kajander et al. 1992; Xie et al. 1995) and increases in immunoreactivity oftyrosine hydroxylase (Chung et al, 1993) and nitric oxide slmthase (Steel et al. 1994) in the DRG cells. Furthermore, the constriction injury leads to a dramatic increase in spinal cord metabolic (2-DG) activity in both the ipsilateral and contralateral spinal cord (Mao et al. 1992a (Devor et al. 1991) . Furthermore, recent data from Koltzenburg et al. (1994) indicates that the degree of allodynia or brush-evoked pain in patients with neuralgia is closely correlated with the degree of ongoing pain present in the affected limb. They also found that brush-evoked pain was prevented when ongoing pain jn the affected limb was relieved by a regional guinetilidine block or by local anesthetic blocks of nerves supplying the symptomatic skin.
Ongoing inputs which maintain the altered central pro- (Bach et al. 19BB) , as well as after amputation (Jahangiri et al. 1994) , decreases the incidence of PLP 6 months later. Furthermore, there appears to be a higher probability that pain will persist in the phantom limb if pain is experienced at or near the time of amputation (Jensen et al. 1985 (Szasz 1949) or subtotal gaitrectomy with removal of the ulcer (Gloy'ne 1954) . Similarly, patients have,reported labor pain and menstrual cramps following total hysterectomy (Dorpat 1971), rectal and hemorrhoid pain following removal of the rectum (Ovensen et al. 1991 PLP or deafferentation pain is not entirely independent of peripheral inputs. In some instances there is a reactivation of pain experienced before amputation that is brought on by peripheral stimulation. Leriche (1947a; 1947b) described a patient who did not experience PLP until 6 years after amputation, when an injection into the stump instantly, and permanently, revived the pain of a former painful ulceration of the Achilles tendon. Nathan (1962; 1985) reported a similar phenomenon when applying noxious stimulation to the stump of an amputee who later reexperienced the pain of an ice-skating injury he had sustained 5 years earlier when the leg was intact. Noordenbos and Wall (1981) Recently, we have demonstrated that the ability of i.t.
lidocaine to preempt postinjury nociception in the formalin test was lost as the concentration of formalin was increased from 2.5 to 57o (Yasphal et al. 1996) . A strong preemptive effect (i.e., a signi{icant reduction in nociceptive scores) of Iidocaine was obtained in rats given 2,5Vo formalin. This preemptive effect was reduced(resulting in signi{icantly higher nociceptive scores) in a concentration-dependent manner in rats given 3.75 and 57o formalin. In the same study, we found that while a signiffcant and concentrationrelated degree of inflammation (plasma extravasation) was produced by 3 .75 and\%o formalin, the degree of inflammation produce dby 2.57o formalin was not signiffcantly different than that produced by the same volume (50 p.l) of saline, and was only slightly, but not significantly hlgher than no injection at all (Yasphal et al. 1996) . Thus, the preemptive effects of i. 
